Carbon nanoparticles (CNPs) were grown in the subsurface-region of porous SiO 2 templates that had been subjected to plasma enhanced chemical vapour deposition. The over-layer multiwall carbon nanotubes (MWCNTs) grown in the surface region of the template were removed by a sonication process. Mechanical scrubbing of the template surface was used to remove the subsurface for investigation. The powder obtained was dispersed in ethanol onto copper-grids for characterization by electron microscopy, electron diffraction and micro-Raman spectroscopy. Elliptical, faceted and grape-shaped CNPs were observed by electron microscopy with electron diffraction patterns showing short range orderings. The Raman spectrum of the CNPs was found to be distinctly different from that of the over-layer MWCNTs in that the D-band (at ∼1385 cm −1 ) merged with the G-band (at ∼1552 cm −1 ). It seems that the CNPs in the subsurface-region grew simultaneously with the over-layer MWCNTs. A possible growth mechanism is proposed. The I -V characteristic of the CNPs, recorded by scanning tunnelling microscopy, was found to be asymmetric and characteristic of degenerately doped p-n junction diodes.
Introduction
The growth of carbon nano-materials is of interest from the point of view of their technological applications and the basic sciences. Several research groups have studied the growth of fullerenes (C 60 ), carbon nanotubes (CNTs), carbon onions, carbon nanohorns, diamond-like carbon and other forms of carbon [1, 2] . However, the growth of CNTs has captured the attention, due to their intrinsic characteristics, such as their high thermal and chemical stability, high mechanical strength, superior electron emission properties and easy methods of synthesis.
A considerable amount of work has been carried out related to the templated growth of CNTs [3] [4] [5] . Shi et al grew bead-like nanorods in the channels of mesoporous SiO 2 [6] by electro-crystallization and Grebel et al synthesized (single walled) SWCNTs within an ordered array of nanosize 3 Author to whom any correspondence should be addressed. silica spheres [7, 8] and prevented the sintering of the catalyst nanoparticles. Huang et al prepared laterally assembled CNTs from the parallel trenches of porous silica templates [9] , whereas Zhang et al demonstrated the diameter-controlled growth of CNTs [10] by changing the Fe loading level in the mesoporous silica substrates. In addition a few attempts have been made to demonstrate the importance of fixed aspect ratio CNTs. The field emission characteristics of CNTs with higher local aspect ratio [11] were studied by Kuo et al and Boccaccini et al reported a dramatic variation in the sintering ability [12] of borosilicate glass matrix composites by using fixed aspect ratio CNTs. Iwassaki et al grew multiwall carbon nanotubes (MWCNTs) in anodic alumina channels [13] and Zhao et al fabricated continuous mesoporous silica films for the synthesis of SWCNTs within an ordered array [14] . However, the studies on the subsurface-region of the porous SiO 2 , after the growth of the CNTs, have rarely been carried out so far. This is the topic of this paper. Here, we report on our first attempts to grow carbon nanoparticles (CNPs) in the subsurface-region of porous SiO 2 templates. Morphological studies were carried out after separating the grown CNPs from the porous templates. In general, the CNPs were observed in the soot of the carbon; however, in the present study, we observed the growth of the CNPs in the porous subsurfaceregion, simultaneously with that of the over-layer MWCNTs. The I -V characteristics of the CNPs showed typical diode-like behaviour. Interestingly, the growth of the CNPs was found to be reproducible. This paper centres on the CNPs in the porous SiO 2 template, particularly on their growth mechanism and characterization. The details are presented.
Experimental

Sample preparation
The Co-catalyst-loaded porous SiO 2 templates were fabricated [15] and subjected to a dc-plasma enhanced chemical vapour deposition (dc-PECVD) process to obtain the CNPs. The plasma reactor was heated to 650
• C in an argon (flow rate 70 sccm) environment and evacuated to a base pressure of 10 −3 Torr. A mixture of C 2 H 2 and NH 3 gases (flow rate 120 sccm/60 sccm) was then introduced in the reactor. The plasma energy was tuned to ∼77 W, with a chamber pressure of 3.25 Torr. The plasma treatment was carried out for a period of 30 min, for all the templates.
Separation of the over-layer MWCNTs from the porous templates
The MWCNT-grown templates were subjected to the sonication process to remove the over-layer MWCNTs grown in the surface region of the template. Initially, a trial experiment was carried out by immersing one of the templates in ethanol. This template was sonicated for a period of 5 min. After the sonication was over, the template-sample was removed from the ethanol solution and allowed to dry. The surface morphology of the sample was examined by the SEM technique. The process of sonication and morphological examination of the sonicated sample was repeatedly carried out, until the complete removal of the over-layer MWCNTs from the template surface was confirmed. SEM analysis showed that the over-layer MWCNTs had been completely removed from the template surface after a period of 20 min sonication. In this way, the other templates were subjected to the sonication process for an integrated time period of 20 min. Following this, the surface morphology of each sonicated template was examined by the SEM technique.
Characterization of CNPs
To investigate the subsurface-region of the porous SiO 2 templates, mechanical scrubbing of the template surface was carried out. This process was carried out, manually, using a regular stainless steel cutter. One sample (size ∼2 × 2 cm 2 ) at a time was tilted on a cover glass plate and the surface was scrubbed for about 10-15 min. Moreover, scrubbing was carried out in a gentle fashion in order to avoid the rupturing and destruction of the samples. The powder, accumulated on the glass plate, was collected in glass bottles. This powder was dispersed in ethanol solution and the solution was sonicated until the uniform suspension of the powder was obtained. A fine suspension was observed after 30 min of sonication. A few drops of the finely dispersed powder solution were collected using a micropipette. These drops were released on a copper-grid. A large number of such grids were prepared and allowed to dry under atmospheric conditions. These grids were subjected to TEM, electron diffraction, micro-Raman spectroscopy and scanning tunnelling microscopy.
Results and discussions
Morphological studies on the porous subsurface-region and CNPs
Figure 1(a) shows a typical TEM micrograph recorded for the Co-catalyst-doped porous SiO 2 template. The inset shows the electron diffraction pattern of the template surface. The in-depth analysis of the porous SiO 2 templates is reported elsewhere [15] . Figure 1(a) shows that a large number of the pores in the templates were embedded with the Co-catalyst (a few of them are marked by circles) and many of the pores were empty (marked by arrows). The average size of the Co-catalyst particles embedded in the pores was 20±5 nm. The embedded Co-catalyst in each of the nano-pores contributes to the catalytic activity during the PECVD process used to grow the MWCNTs. We observed that the MWCNTs were grown by the tip growth mechanism.
Figure 1(b) shows a typical cross-section SEM micrograph recorded for the MWCNTs grown in the porous SiO 2 template. It can be seen that the thickness of the template is 150 ± 5 nm. The MWCNTs were grown in the surface region, normal to the surface of the template. In addition, a large number of voids were observed, mainly at the subsurface-region of the template (indicated by arrows). It seems that these voids in the subsurface-region play an important role in the growth of CNPs. Figure 1 (c) shows a typical TEM micrograph recorded for the MWCNTs grown from the porous SiO 2 shells. It shows that, after the plasma treatment, the spherical shape of the porous shells changed and they became ellipsoidal. However, it seems that the electric field has no direct effect on the deformation of the pores. One can see from figure 1(c) that the pores protruded in the direction perpendicular to the template surface which could be attributed to the axial stress exerted, by the growing MWCNTs, on the pores. The MWCNTs grown by the plasma enhanced CVD process are more vertically aligned because the entire height of the growing MWCNTs is submerged inside the plasma sheath where a large electric field exists in the direction normal to the template. The MWCNTs grew like towers, individual, free-standing structures with a catalyst particle at the top. As a result, the electrostatic force, F, creates a uniform tensile stress across the entire particle/CNT interface, regardless of where the particle is located (tip of base). The electrostatic force, F, could produce an axial stress at the bottom of the MWCNT near the pore and as a result the pores may change their circular shape. Due to the multilayered and interconnected structural morphology, the top layer deformation could act as a cascade process, which in turn changes the shape of the pores in the subsurface-region. figure 2(a) . It seems that these CNPs are grown in the voids that exist in the subsurface-region of the template. Moreover, the nanoparticles grew simultaneously with the over-layer MWCNTs. The TEM micrographs show that the porous shells are completely separated from the CNPs. This could be attributed to the process adopted for obtaining the CNPs, as mentioned in section 2.2. It seems that, during the sonication process, the porous shells might have ruptured, settled at the bottom of the solution and thus become separated from the CNPs. As a result, we could not observe the porous shells in the recorded TEM micrographs. However, a typical EDX pattern shows a small peak associated with Si, which could be attributed to the physisorption of the Si atoms within the CNPs. However, in most of the cases, the concentration of Si in the spaghetti of the CNPs was found to be negligibly small.
Figures 3(a) and (b) show the typical TEM micrographs recorded for the CNPs. They show the detailed morphology of the obtained CNPs. One can see that these carbon nanostructures are not perfectly spheroidal-like carbon onions [16, 17] . Rather, the CNPs are elongated like grapes and could be referred to as grape-shaped CNPs. A dimensional analysis of the CNPs was carried out by observing a large number of TEM micrographs recorded for several CNPs. The dimensions of the semi-major and semi-minor axes were measured for the outermost graphitic layers of the CNPs. The analysis revealed that the semi-major and semi-minor axes vary in the ranges of 20 ± 4 nm and 6 ± 4 nm, respectively. Moreover, the obtained CNPs have multiple shells and each CNP contains 6-8 concentric graphene layers. The smallest CNP observed in this study had an inner diameter of ∼4 nm. The inter-layer graphene spacing is seen to be ∼0.3-0.4 nm. In addition, the CNPs are found to be stable and not merely quasi-ellipsoidal nano-structures [18] . In figures 3(a) and (b), the branching of the graphene layers was observed at many places (indicated by circles). The inset in figure 3(a) schematically depicts the branching and interconnection of the graphene layers. Thus, the TEM micrographs indicate that the CNPs could be interconnected with the neighbouring nanoparticles. Figure 3 (c) shows the electron diffraction pattern recorded for the CNPs. The spots (indicated by arrows) show the first order diffraction rim; however, the blurring of the spot intensity could be attributed to the smaller dimensions of the nanoparticles which, in turn, interrupt the long range periodicity of the graphene planes. Thus, the diffraction analysis leads to the conclusion that the grown CNPs have short range ordering.
In addition, it was observed that the CNPs have pentagonal as well as hexagonal facets, consisting of interconnected segments of graphene layers. Occasionally, even two or more pentagonal facets with different dimensions show up; see, figures 4(a) and (b). The different shapes are indicated by the arrows. Figure 5 shows the micro-Raman spectra recorded for (i) the CNPs and (ii) the over-layer MWCNTs. The intensity of both profiles was normalized with respect to the high energy G-mode, the laser power and the integration time. One can see that the Raman spectrum for the CNPs is distinctly different from that of the Raman spectrum recorded for the over-layer MWCNTs. For the CNPs, a broad peak was observed at ∼1552 cm −1 and could be attributed to the high energy G-mode. The peak associated with the D-mode seems to be submerged with the G-mode and appeared as a shoulder at ∼1385 cm −1 . For the MWCNTs, the peak at ∼1350 cm −1 is attributed to the D-band [19, 20] , whereas the G-mode is observed at ∼1580 cm −1 [21] . Furthermore, the difference between the G-mode and the D-mode (i.e. the interband difference) is observed to be 167 cm −1 for the CNPs and 230 cm −1 for the MWCNTs. The observed decrease in the inter-band difference, for the CNPs, indicate that the high energy G-mode is shifted down, whereas the D-mode is shifted at the high wave number with respect to the Gand D-modes recorded for the over-layer MWCNTs. The estimated full width half maximum (FWHM) of the G-mode is ∼182 cm −1 and ∼114 cm −1 , whereas the FWHM of the D-mode is ∼250 cm −1 and ∼208 cm −1 for the CNPs and overlayer MWCNTs, respectively. This indicates that the peak width of the G-and D-modes is relatively high for the CNPs as compared with the peak width of the G-and D-modes for the over-layer MWCNTs. In general, the defects in graphitic carbon are pentagonal and heptagonal carbon rings, which subsequently affect the force constants near and around the defects [22] . A small structural disorder in the graphitic planes can change the intensity, position and width of the Raman peak [23] . Thus, the observed variations in the G-and D-modes of the CNPs and over-layer MWCNTs indicate that the CNPs have more defects than the CNTs. Furthermore, this issue could be investigated by modelling how each of the isolated tubes is transformed into a nanoparticle structure in the cavity of the porous SiO 2 templates. Their direct transformation is not possible, so that the structure must go through an intermediary stage.
Raman spectroscopy and growth of the CNPs
It seems that, during the plasma treatment, carbon atoms segregate into the porous shells (cavities). Initially, the hollow cavities of SiO 2 are transformed into ellipsoidal or facet shapes under an applied electric field. At this stage, the segregation of the carbon atoms takes place in the cavities. Next, the graphitization of some of the surface layers starts near the wall of the cavities and the shape of the particles becomes identical to that of the cavities, i.e. ellipsoidal or facetshaped. Gradually the concentric shell structure becomes more and more perfect. This later process seems to proceed from the outside in and could be attributed to internal epitaxial growth [18] . The elliptical growth of the CNPs signifies that the growth occurred due to pore deformation, whereas the onset of the edges and pentagonal facets marks the appearance of some defects which disturbed the further growth of the CNPs, thus forcing them to change from elliptical to pentagonal orin one stage-from slightly pentagonal to more pronounced pentagonal. The points of transition from one shape to another can be understood by a simple estimation.
Inside the cavity, when the carbon atoms come into contact with the growing nanoparticles they diffuse around the periphery of the particles until they occupy the lowest possible hybridized energy state (of the two possibilities sp 2 or sp 3 , sp 3 hybridization is the more favourable state around the periphery of the CNPs). Usually this will be a regular place, so that the growth of the nanoparticles can continue undisturbed. However, there is some probability, W d , that the carbon atoms on the rim of the nanoparticle might be 'latched' permanently in the higher unoccupied state of hybridization, i.e. they contribute to the formation of a structural defect, which could lead to the appearance of nearly pentagonal or pronounced pentagonal nanoparticle structures [24] .
Considering the growth of carbon grapes with the assumption that W d is constant during the CNP growth, the average number B id of built-in defects per CNP periphery, D(nm), is constant:
where B d is the number of defects. The value of the build-indefect coefficient, B id , depends on several parameters, namely, the defect formation probability and the kinetic energy of the carbon atoms in the plasma, which depends on the plasma power, P p , plasma temperature, T p , and the gas flow rate of C 2 H 2 , F R . The mobility of the C atoms on the periphery of the CNP depends on the plasma temperature, T p , as well as the diameter of the CNPs CNP . The number of C atoms per nanoparticle rim also depends on the diameter of the CNPs, CNP , the geometrical shape of the defect, G SD , which can be either near pentagonal or pronounced pentagonal, depending on the CNP chirality, and the plasma processing time, t, required to grow the CNPs. Thus, B id = f (P P ·T P ·F R · CNT ·t). Moreover, the value of B id will be the lowest for the elliptical carbon grapes and highest for the pronounced pentagonal shape carbon grapes. Thus, the growth rate of the carbon grapes could be proportional to the rate of defect creation and is given by
Differentiating equation (1) and rearranging the terms we get
where W 1 d is the probability of creation of one defect per unit time per unit site and α is a proportionality constant, such that α ≡ α (G SD , CNT ) . Thus, the rate of change in the diameter of the grapes as a function of the built-in-defect coefficient can be expressed as
Here, it is assumed that dBid dt → B id as dD dt < 0 and B id is positive. Augmenting (1) and (4) we get
The solution of equation (5) would be
Thus, the average diameter, D, of the CNPs with a spheroidal shape decreases exponentially with increasing growth time, t, and the more pentagonal the faceted nanoparticles, the stronger the exponential decrease. For a CNP combining these two shapes, first elliptical and then pentagonal, the overall shape distribution should hence be a superposition of two shapes. This could be observed in figures 2-4. It can be seen that the shape distribution is the superposition of the two shapes, ellipsoidal and faceted. Figure 6 shows the recorded I -V characteristics for (i) the CNPs and (ii) the over-layer MWCNTs. I -V measurements were carried out using a commercially available SPM (SEIKO-SPA 400). The current-atomic force microscopy mode was used for the measurements. The CNPs deposited on a coppergrid were used as one of the electrodes. The two terminal measurement of the sample was carried out using the coppergrid and the AFM tip as the two electrodes contacting the CNPs. The gold coated tip was brought into contact with the sample and a bias voltage was applied between the substrate and the tip. We obtained the exact I -V characteristics of each sample under the assumption that the voltage drop in SPM mode is negligible as compared with the size of the CNPs. The resistance of the SPM was ∼100 . The applied voltages were less than 5 V. All the measurements were carried out at room temperature.
The I-V characteristics of the CNPs and over-layer MWCNTs
The current versus voltage (I -V ) characteristics of the CNPs and MWCNTs recorded at room temperature exhibit interesting features (figure 6). It can be seen that the CNPsystem shows certain ratifying I -V characteristics, resembling a typical p-n junction diode. The plot in figure 6 is divided into four quadrants, I-IV. In quadrant I, for plot (a), the conductance for the applied bias voltage, V b , between 0 and +0.4 mV is almost zero. The magnitude of the conductance substantially increased from 0 nA to +47 nA, for +0.5 mV < V b < +0.85 mV. This increase could be attributed to the tunnelling of electrons between the conduction band and the valence band for the CNPs [25] . In contrast, the value of the conductance was observed to increase monotonically when the bias voltage, V b , was further increased in plot (b). The behaviour of the conductance recorded for the CNPs and MWCNTs, under reverse bias voltage, V b , conditions, can be seen in quadrant III. The value of the conductance recorded for the CNPs is almost zero for the biasing voltage in the range −0.9 mV < V b < 0 mV. However, when the bias voltage, V b , was further increased from −0.9 mV to −2.2 mV, the magnitude of the conductance was found to decrease to −50 nA. This negative value of the conductance is indicative of a degenerately doped p-n junction [26] . However, it seems that the defects act as the dopants for the CNPs. The decrease in the magnitude of the conductance shows that there are no available states for electrons to tunnel into. These states might have been 'ceasedup' by the defects in the CNPs. In contrast, for the MWCNTs, the value of the conductance was found to be almost zero over the range of biasing voltage from 0 to −3 mV, which, in turn, shows the availability of unoccupied electronic states to tunnel electrons from the conduction band to the valence band.
For the CNPs interconnected with two metallic electrodes, the population of the conduction electron orbitals could be dictated by the Fermi distribution. This indicates that the source of electrons is non-monoenergetic in origin. For the CNPs with a known value of the transmissivity, T (E), the tunnelling current, I , is given by the following relation:
where f is the Fermi function of the CNPs, E is the Fermi energy, τ is the temperature,h is Planck's constant divided by 2π, e is the unit of charge and µ a and µ b are the electrochemical potentials within the two electrodes, so that µ b − µ a = eV (V being the applied voltage) [26] . Thus, the I -V characteristic of the CNPs is found to be asymmetric in nature and is typical of a degenerately doped p-n junction diode [25] . The SPM measurement shows that the CNPs have semiconducting junction diode type characteristics. Although the magnitude of the current is small compared with that of conventional diodes, the measurements offer insight into the possible nano-diode applications of the grown CNPs.
In another experiment, the growth of the over-layer CNTs was prevented by coating indium titanium oxide (ITO) on the surface of the templates. It is interesting to note that the prevention of the growth of the over-layer CNTs does not affect the growth of the CNPs in the subsurface-region of the porous SiO 2 templates. This leads to the conclusion that the growth of the CNPs is not accidental, but reproducible, under identical dc-PECVD conditions. The typical micrographs in figures 3(b) and 4 show the CNPs obtained in this experiment.
Conclusions
The growth of CNPs was observed in porous SiO 2 templates. It seems that the CNPs grow in the empty pores or voids of the templates, situated in the subsurface-region of the template, and are not doped with the Co-catalyst. The TEM analysis revealed that the CNPs are ellipsoidal, pentagonal and grapeshaped. The dimensional analysis revealed that the semimajor axis of the CNPs varies in the range of 20 ± 4 nm, and the semi-minor axis varies in the range of 6 ± 4 nm. The CNPs are observed to be interconnected with the neighbouring nanoparticles. The porous SiO 2 shells are found to be separated from the grown CNPs. This shows that the atoms of the porous shells have not been bonded with the CNPs, due to the complete hybridization (sp 2 or sp 3 ) of the C-bonds within the carbon layers. The study of the electron diffraction pattern demonstrated the short range ordering of the CNPs. The micro-Raman spectra recorded for the CNPs was found to be distinctly different from that of the over-layer MWCNTs. The D-band which appeared at ∼1385 cm −1 is submerged with the G-band at ∼1552 cm −1 for the CNPs. This mechanism suggests the defect-induced growth of the CNPs. During the initial stage, the transformation of the porous shell occurs along with the segregation of the carbon molecules in the hollow structures. Following this, the graphitization of some of the surface layers occurs and the shape of the particle becomes more ellipsoidal, with the concentric shell structure becoming more and more perfect. This latter process could occur from the outside in and was described as an internal epitaxial growth. The I -V measurements showed an abrupt increase in the magnitude of the conductance at +0.4 mV for the CNPs, under the forward bias voltage, V b , condition. Moreover, a negative conductance of −50 nA was recorded at a reverse bias voltage, V b , −2.2 mV. The switching behaviour of the CNPs corresponded to a typical degenerately doped p-n junction. The result offers insight into the integration of the CNPs in future nano-device applications. The investigations were carried out from the point of view of basic scientific interest and the potential applications of CNPs.
